The genus Dyckia Schult. f. (Bromeliaceae) currently comprises 147 described species of xerophytic, terrestrial, or epilithic rosette plants with showy yellow, red, or orange fl owers ( Smith and Downs, 1974 ) . The genus is distributed across eastern South America, with a center of diversity in the cerrado biome of Brazil and adjacent countries. Species of Dyckia and of its closest relative Encholirium Mart. ex Schult. f. typically inhabit azonal, arid, or rupicolous habitats that are characterized by poor soil, little water supply, high temperatures, and strong sun exposure. Pollination is mainly by hummingbirds and insects. Fruits are capsules that release winged, wind-dispersed seeds upon maturity ( Smith and Downs, 1974 ) .
The genus Dyckia Schult. f. (Bromeliaceae) currently comprises 147 described species of xerophytic, terrestrial, or epilithic rosette plants with showy yellow, red, or orange fl owers ( Smith and Downs, 1974 ) . The genus is distributed across eastern South America, with a center of diversity in the cerrado biome of Brazil and adjacent countries. Species of Dyckia and of its closest relative Encholirium Mart. ex Schult. f. typically inhabit azonal, arid, or rupicolous habitats that are characterized by poor soil, little water supply, high temperatures, and strong sun exposure. Pollination is mainly by hummingbirds and insects. Fruits are capsules that release winged, wind-dispersed seeds upon maturity ( Smith and Downs, 1974 ) .
Little is known about infrageneric relationships within Dyckia , the genetic structure and variation within its species, and the mechanisms of speciation. This paucity of information is in part due to the fact that many Dyckia species are rare and narrow endemics, which are barely represented in herbaria and living collections. Some species are even known from their type locality only. Another problem is the high degree of intraspecifi c morphological plasticity, which makes species delimitation in Dyckia notoriously diffi cult. We have initiated a genus-wide molecular phylogenetic study of Dyckia , based on plastid and nuclear DNA sequences. Our preliminary results indicate very low levels of plastid sequence divergence, suggesting a young age of the genus (Krapp, unpublished data). Whereas chloroplast haplotypes are often shared between species, haplotype networks based on plastid DNA show a pronounced geographical pattern across the distributional range of the genus. Chloroplast simple sequence repeats (cpSSRs), also called chloroplast microsatellites, are among the most sensitive tools for evaluating plastid DNA variation ( Ebert and Peakall, 2009 ). To achieve a better-resolved genus-wide plastid phylogeography of Dyckia , we developed a set of 12 polymorphic cpSSR markers based on de novo 454 sequencing.
METHODS AND RESULTS
Total genomic DNA was isolated from one individual plant of Dyckia marnier-lapostollei L. B. Sm. var. estevesii Rauh from Goiania, central Brazil (see Appendix 1), using a modifi ed cetyltrimethylammonium bromide (CTAB) procedure ( Tel-Zur et al., 1999 ) . This species was chosen because its plastid haplotype takes a central position in a statistical parsimony network, suggesting an ancestral state within the genus (Krapp, unpublished results). Fragmentation of a 5-μ g DNA aliquot by nebulization, preparation of barcoded libraries, and shotgun sequencing on a Roche 454 GS-FLX with the Titanium Sequencing Kit XLR70 and the Titanium PicoTiterPlate Kit (Roche Diagnostics, Penzberg, Germany) were performed as described previously ( Wöhrmann et al., 2012a ) . Altogether, 59 624 reads were obtained from three independent runs. The proportion of a single 454 sequencing lane devoted to D. marnier-lapostollei was 4.2%, 2.1%, and 4.1% in the fi rst, second, and third run, respectively. Sequences of plastid origin were identifi ed using the BLAST function of the software package Geneious ( Drummond et al., 2010 ) . The fully sequenced plastome of Typha latifolia L. ( Guisinger et al., 2010 ) • Premise of the study: Phylogeographical analyses of Dyckia (Bromeliaceae) suffer from low levels of sequence variation.
Plastid microsatellite markers were developed to achieve a better-resolved genus-wide plastid genealogy of Dyckia .
• Methods and Results: Approximately 84% of the D. marnier-lapostollei plastome was sequenced using 454 technology. Flanking primer pairs were designed for 34 out of 36 chloroplast simple sequence repeats (cpSSRs) detected, and 12 loci were further characterized by genotyping Dyckia samples at the level of populations and species. Three, fi ve, and six cpSSRs were polymorphic among four individuals of D. limae , 12 individuals of D. dissitifl ora , and 12 of D. pernambucana , respectively, with two to three alleles per locus and species. All loci were polymorphic among 19 different Dyckia species, with three to 10 alleles per locus. Ten primer pairs cross-amplifi ed with bromeliad genera from fi ve subfamilies.
• Conclusions: The set of 12 cpSSR markers provides a toolbox to analyze phylogeographical patterns of Dyckia species.
clamp of up to three nucleotides at the 3 ′ end. For three loci (DSSR-L01, DSSR-L04, and DSSR-L06; Table 1 ) , consensus primers were derived from alignments of the D. marnier-lapostollei sequence with sequence data previously generated by Sanger sequencing of the same loci in other Dyckia species (Krapp, unpublished data) .
Primer functionality was initially tested on a single accession each of D. marnier-lapostollei , D. dissitifl ora Schult. f., and D. pernambucana L. B. Sm. PCRs were carried out in 10-μ L volumes using a Biometra T1-cycler or a Biometra T-Gradient cycler (Biometra GmbH, Göttingen, Germany), using was taken as a reference. A total of 3826 plastid reads were assembled into 77 contigs and 12 singletons, which together represent 113 449 bases of the D. marnier-lapostollei plastome (counting the two inverted repeats only once). This corresponds to an overall coverage of ~84%, when compared to the T. latifolia plastome. A total of 36 mononucleotide repeats with ≥ 10 bases were detected (181 with ≥ 7 bases) using the FIND function of PhyDE ( Müller et al., 2010 ) . Besides two short dinucleotide repeats, each with an (AT) 5 motif, no other types of SSRs were observed. Flanking primer pairs were designed by eye for 34 loci, with a default length of 20 nucleotides and a GC a GenBank accession numbers of the sequences on which the primers are based. * The SSR motif at DSSR-L04 had only nine T residues in D. marnier-lapostollei , but had up to 14 T residues in other Dyckia species for which sequence data were available for primer design. Note : + = amplifi cation; -= no amplifi cation; An = Ananas (Bromelioideae); De = Deuterocohnia ; En = Encholirium ; Fo = Fosterella ; Pi = Pitcairnia (all Pitcairnioideae); He = Hechtia (Hechtioideae); Pu = Puya (Puyoideae); Ti = Tillandsia (Tillandsoideae).
* Locality information for the populations is provided in Appendix 1 . † Single PCR product in the expected size range.
e472 AMERICAN JOURNAL OF BOTANY [Vol. 0 the indirect fl uorescence labeling procedure described by Schuelke (2000) . Each assay contained approximately 1 ng of template DNA, 1 × Mango-Taq reaction buffer (Bioline, Taunton, Massachusetts, USA), 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.04 μ M forward primer carrying a 5 ′ -M13 tail, 0.16 μ M of M13 forward primer with fl uorescent 5 ′ -IRD700 modifi cation, 0.16 μ M unlabeled reverse primer, 0.5 μ g/ μ L BSA, and 0.05 U Mango-Taq DNA polymerase (Bioline). All loci were amplifi ed using a standard PCR program with an initial denaturation at 80 ° C for 5 min, followed by 30 cycles of denaturation at 94 ° C for 1 min, primer annealing at 52 ° C for 1 min, and elongation at 65 ° C for 2 min. Final extension was performed at 65 ° C for 10 min. Samples were electrophoresed on denaturing 6% polyacrylamide gels in 1 × TBE buffer, using an automated sequencer (Li-Cor 4200 IR 2 ; Li-Cor Biosciences, Bad Homburg, Germany). Fragment sizes were determined by visual examination with the help an external size standard, as outlined by Wöhrmann et al. (2012a) . Allele sizes were validated by repeated PCRs of subsets of samples using either Mango-Taq polymerase or a set of proofreading polymerases (Long High Fidelity Enzyme Mix; Rovalab, Teltow, Germany), following the protocol supplied by the manufacturer. The 12 most polymorphic cpSSR loci were used to genotype (1) population samples from D. limae L. B. Sm., D. dissitifl ora , and D. pernambucana ; (2) single accessions from 16 additional Dyckia species; and (3) one or two species each of eight bromeliad genera belonging to fi ve subfamilies. Dyckia dissitifl ora was chosen as an example of a Dyckia species with a relatively large distribution range across Brazil, whereas D. limae and D. pernambucana were taken as a typical example of two species that are not clearly distinguishable by morphological characters. Locus characteristics, primer sequences, and GenBank accession numbers of these 12 markers are summarized in Table 1 , fragment sizes for all samples and loci are compiled in Table 2 , and all plant materials used in this study are listed in Appendix 1.
Three, fi ve, and six cpSSR loci were polymorphic among four individuals of D. limae , 12 individuals from three populations of D. dissitifl ora , and 12 individuals from three populations of D. pernambucana , respectively ( Table 2 ) . Two to three alleles were observed per locus and species. All loci were highly polymorphic at the species level, with three to 10 alleles per locus across 19 Dyckia species ( Table 2 ) . Allele size distributions were generally compatible, with a variable number of mononucleotide repeats being the molecular basis for size variation. Overall, only six out of 540 individual PCRs performed with any Dyckia species failed. All loci produced single PCR fragments within the expected size range in the closely related genera Encholirium and Deuterocohnia Mez, and nine of the 12 primer pairs successfully cross-amplifi ed in six other genera from fi ve subfamilies of Bromeliaceae ( Table 2 ) .
CONCLUSIONS
The set of 12 novel cpSSR markers presented here provides a promising toolbox for reconstructing plastid genealogies and elucidating phylogeographical patterns within Dyckia . In conjunction with nuclear SSR markers that are currently being developed in our group ( Wöhrmann et al., 2012b ) , the cpSSRs are also promising candidates for population genetic analyses in D. dissitifl ora , D. limae , D. pernambucana , and probably many other Dyckia species. Primer binding sites appear to be well-conserved among Bromeliaceae, suggesting that the 12 cpSSR markers may be applicable for genetic studies throughout the family.
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